EMBRYONIC CARDIAC MYOCYTE cultures have been used effectively since the 1970s for long-term studies of cardiac function and protein turnover (e.g., Refs. 22, 34, 35) . Adult cardiac myocyte cultures have been used since the early 1980s with a still greater range of experimental goals (e.g., Refs. 27, 28, 32) . In spite of impressive advances with a variety of cardiac myocyte cultures (17) , the utility of cultured myocytes, especially adult cultures (31) , has remained limited for a variety of reasons (12) . In contrast to intact cardiac tissue, isolated adult cardiac myocytes are in general fragile and usually do not support sustained contractile activity. As with most differentiated cell types, extensive structural and functional changes occur during culture of adult cardiomyocytes (32) . Furthermore, transfection and genetic manipulation of cultured adult cardiomyocytes are difficult. Common alternatives, such as neonatal cardiac myocyte cultures (3) and immortalized cardiomyocyte cell lines (39) , allow more sustained and experimentally reliable studies. However, they also bring more equivocal relevance to physiology of the adult human heart. In this light, recent progress in generating stem cell-derived cardiomyocytes raises entirely new opportunities for basic as well as therapydriven research (33, 42) .
The minimum list of desirable cardiomyocyte culture traits for most biochemical and functional studies is extensive and challenging. For biochemical purposes, the culture must be homogeneous. To be relevant to the intact heart, the culture should form a syncytium. Further, it should express proteins that are characteristic of adult cardiac myocytes, it should be functionally stable, it should be senescent but nevertheless metabolically active, and it should allow molecular biological manipulations to overexpress and knockdown specific proteins. For studies of cardiac ion channels and transporters, cardiomyocytes must allow convenient application of patch-clamp techniques. Finally, to be directly relevant to human physiology and disease, the ideal culture will be of human origin. In this light, cardiomyocytes derived from human-induced pluripotent stem cells (hiPSCs) by a number of different approaches (11, 13, 18, 38) are increasingly attractive models.
Among the different approaches to generating hiPSC-derived myoyctes, one of the most promising uses an hiPSC line engineered to ultimately permit high volume selection for cardiomyocytes by expressing blasticidin resistance under the control of the cardiac myosin heavy chain 6 (MYH6) promoter (25) . Cells derived in this way show remarkably human-like electrophysiology (25, 30) . Membrane currents that have been characterized include sodium, L-type calcium, hyperpolarization-activated, transient outward potassium, inward rectifier potassium, and the rapidly and slowly activating components of delayed rectifier potassium currents (25) . The potential utility of similar cultures in automated imaging platforms to characterize hypertrophic and toxicity profiles is documented (7) , and the maturation of similar cultures to a nearly adult myocyte-like phenotype over several months has recently been described (16) . In the present article we extend the use of hiPSC-derived myoyctes to cardiac ion transporters, including Na/K pump, Na/Ca exchange currents, Na/H exchange (NCX1), and Cl/OH exchange. In addition, we demonstrate overexpression and quantitative knockdown of selected cardiac proteins by standard molecular biological methods. The results demonstrate that this cardiomyocyte culture system has many features required for substantively improved studies of cardiac ion transporters, in particular for studies of regulatory proteins and long-term regulatory pathways that impact the expression and function of membrane transporters.
METHODS
Generation of iCell Cardiomyocytes. Functional cardiomyocytes (iCell Cardiomyocytes) were obtained from Cellular Dynamics International (Madison, WI). Generation of the hiPSC cell line was described previously in detail (25) . In brief, human fibroblast cell lines were reprogrammed by retroviral expression of sox7, oct4, nanog, and lin28. hiPSC clones were then generated to exhibit blasticidin resistance under control of myosin heavy chain 6 (MYH6). A neomycinresistance gene driven by the constitutive phosphoglycerate kinase promoter was included in the targeting vector to allow selection of genomic integrants by inclusion of neomycin in the iPSC culture medium. Neomycin-resistant iPSC colonies were subjected to genomic DNA PCR screening to identify correctly targeted homologous recombinants. hiPSC aggregates were formed from single cells and cultured in suspension. Upon observation of beating cardiac aggregates, cultures were subjected to blasticidin selection at 25 g/ml to enrich the cardiomyocyte population. Cardiomyocyte aggregate cultures were maintained in DMEM with 10% FBS during cardiomyocyte selection through the duration of the culture before cryopreservation at 30 -32 days of culture.
Cardiomyocyte cultures. Neonatal rat cardiomyocytes were prepared essentially by an established protocol (3), and the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center approved the protocols employed and the experiments. The hiPSC cells (iCell Cardiomyocytes; Cellular Dynamics International) were plated to a density of 150,000 -300,000/ well on 0.1% gelatin-coated 12-well cell culture dishes using iCell Cardiomyocyte Plating Medium (iCPM; Cellular Dynamics International), essentially as described previously (25) . For imaging and immunofluorescence studies, cells were cultured equivalently on gelatin coated coverslips. Syncitial monolayers of beating cells formed within 48 h. The iCPM medium was then removed and replaced with Maintenance Medium (iCMM; Cellular Dynamics International). Cells were then further incubated at 37°C at 7% CO 2 and maintained for up to 4 wk with medium changes every 48 -72 h. Transfections of DNA and small interfering (si)RNA of hiPSC cells were performed using TransIT-LT1 and siQUEST (Mirus), respectively. In the experiments using DNA transfection to express fluorescent proteins, the transfection efficiency was 15-25%. In small interfering (si)RNA knockdown experiments, siGLO Green Indicator (D-001630-01-05; Dharmacon), protein loss evaluated by Western blotting, and loss of NCX1 transport activity, all indicated that transfection was Ͼ85% efficient. Therefore, it was not necessary to use optical methods to select cells for electrophysiological measurements in those experiments. Before patch-clamp experiments, cells were removed from dishes by trypsin treatment (0.25%) and maintained thereafter in suspension at room temperature in serum-containing medium. All experiments were performed within 3 h after deplating.
Electrophysiological methods, solutions, and sphingomyelinase. Patch-clamp and ion selective electrode methods were all described previously (8, 20, 40, 41) , and all recordings were performed at a holding potential of 0 mV. In brief, the solutions employed for NCX1 and Na/K pump current measurements minimized all other currents. The extracellular solution contained the following (in mM): 115 Transfection and constructs. Transfections of hiPSC cells were performed using TransIT-LT1 and siQUEST (Mirus), as noted above, following manufacturer protocols. The extracellular NCX1.1-HaloTag (Promega) construct was a generous gift of Debora Nicoll (University of California, Los Angeles) utilizing the same external glycosylation site as a pHluorin construct developed by us (20) . The construct to generate an extracellular fusion of the pH sensitive fluorophore pHluorin with PLM was developed similarly to the NCX1-pHluorin fusion (20) . Briefly, using site-directed mutagenesis (Stratagene), we inserted a Cla1 cleavage site just before the NH2-terminal glutamate and after the signal sequence in the canine PLM construct (gift of J. Y. Cheung, Jefferson Medical College). We then inserted the pHluorin construct as described previously (20) . siRNA constructs were purchased from Dharmacon as follows: NCX, siGENOME Human SLC8A1 (M-007620-01-0005); PLM, siGENOME Human FXYD1 (M-011977-00-0005); Mock transfection, siGENOME Non-Targeting siRNA pool#2 (D-001206-14-05); and siGLO Green Indicator (D-001630-01-05) to evaluate transfection efficiencies. For electrophysiological recordings, cells were removed at selected times with Cellgro 0.25% Trypsin-EDTA (Corning). For Western blotting, cells were lysed in RIPA as described below.
Immunofluoresence imaging. For immunofluorescence, iCells were plated into 12-well dishes containing 0.1% gelatin-coated coverslips at a density of 200,000 cardiomyocytes per well. At room temperature, cells were washed once with PBS and fixed with 4% paraformaldehyde for 15 min, rinsed two times with PBS for 5 min, and permeabilized with 0.1% Triton X-100 in PBS for 10 min. Cells were blocked for 15 min at 37°C with TBS containing 0.1% Tween and 10% FBS. Coverslips were transferred to a sealed moist box, placed on parafilm, and incubated in blocking buffer with mouse antisarcomeric ␣-actinin primary antibody (EA-53; Sigma; 1:100) overnight at 4°C. Coverslips were transferred back to the dish and washed three times with TBS-Tween for 15 min. Goat-anti-mouse secondary with Cy5 (HϩL) (Jackson ImmunoResearch, 1:400) was applied in blocking buffer for 2 h at room temperature. The iCells were washed once with TBS-T, and mounted on glass slides using Vectashield mounting media with DAPI (H-1200, Vector Laboratories). Imaging was performed using a ϫ63 HCX Plan Apochromat, NA 1.45, glycerin lens on a Resonance Scanning Confocal Microscope (SP5; Leica). Imaging data were processed and quantified using ImageJ (National Institutes of Health).
Live-imaging and life-time analysis. For live-imaging, iCell Cardiomyocytes were grown on gelatin-coated 12-well glass bottom culture dishes (MatTek). Cells were transfected with PLM-pHluorin or NCX1.1-HaloTag. After 4 days, confocal imaging was performed using a Nikon TE2000-U with a ϫ60 oil immersion, 1.45-NA objective. A 40-mW 163-CO2 laser (Spectra Physics; Newport) operating at 488 nm and 3% of maximum capacity was used for excitation. Resolution was set to 512 ϫ 512, yielding Ͻ2-s exposure times with a pinhole of 150 m. Cells were imaged in PBS solution buffered to a pH of 7.4 or 6.2, as indicated. For lifetime pulse-chase analysis of NCX1.1-HaloTag, cells were labeled with 1 M of the impermeable HaloTag AlexaFluor 488 Ligand (G1002; Promega) for 15 min in culture media at 37°C. The cells were washed several times in media, and imaging was performed at selected time points, as indicated. Backgrounds were subtracted in ImageJ, and nonnuclear punctae were quantified within a binary image defined as any particle between 0.5 and 5 m 2 . Western blotting. Cells were lysed with cold RIPA buffer (150 mM NaCl, 1% NP40, 0.5% deoxycholate, and 0.1% SDS, 50 mM Tris·HCl) containing protease inhibitor cocktail (Roche). Protein concentrations were determined by MicroBCA Protein Assay Kit (Thermo). Samples for NCX1 detection were prepared with nonreducing SDS sample buffer and incubated at 37°C for 30 min before running on a 7% SDS-PAGE gel. For PLM, reducing buffer was used and heated to 92°C for 5 min. Samples were run on a 12% SDS-PAGE gel. All proteins were then transferred onto nitrocellulose membrane overnight at 4°C. For immunodetection, proteins were probed with monoclonal R3F1 (NCX1; 1:200) and/or anti-actin (Chemicon; 1: 2,000) and polyclonal C2-PLM (1:10,000; a gift of J. Y. Cheung, Temple University). Peroxidase-conjugated anti-mouse IgG (Bio-Rad) and anti-rabbit IgG (GE Healthcare) was used as the secondary antibody at 1:3,000. Peroxidase-labeled proteins were visualized via chemiluminescence (ECLϩ; GE Healthcare). Figure 1 demonstrates the filament structure of iCell Cardiomyocytes revealed by staining cells with TRITC-labeled anti-␣-actinin (red in A; white in B) simultaneous with DAPI (blue in A) to localize nuclei. Actinin is clearly organized in periodic bands. From 15 measurements of segments containing 8 -10 bands, the average band spacing was 2.0 Ϯ 0.07 microns (Fig.  1C) , as expected for a developed muscle phenotype. The great majority of cells are mononuclear. While these images are suggestive of a rather homogenous cell culture, the isolation of detached single cells by trypsin treatment reveals that cardiomyocytes have a substantially wide range of dimensions and morphologies. Furthermore, functional analysis of ion transporter function reveals variability that in general correlates with cell morphology. Figure 2 , A and B, shows micrographs of iCell Caridiomyocytes after deplating, together with recordings of Na/K pump and Na/Ca exchange currents. In our experience, the largest current densities were recorded in large cells that appeared "bumpy," presumably a reflection of well-developed myofilaments. As the two micrographs in Fig. 2A illustrate, the appearance of such cells ranges from a rounded form to an elongated form, more reminiscent of an adult myocyte. The micrograph in Fig. 2B shows typical small, smooth cells. With the use of 40 mM cytoplasmic Na, pump currents were activated by substituting 5 mM Na in the extracellular solution for 5 mM K, and NCX1 currents were activated by applying 3 mM Ca in the presence of 0.5 mM EGTA in the extracellular solution. For the "larger" myocytes in this dish (C m s of 100 to 250 pF), Na/K pump currents amounted to 0.98 Ϯ 0.1 pA/pF, and peak Na/Ca exchange currents amounted to 4.5 Ϯ 0.5 pA/pF (n ϭ 10). The ratios of these current magnitudes are consistent with current densities in guinea pig (10, 14) or rabbit cardiomyocytes (1, 4, 37) . In contrast, "smaller" iCell Cardiomyocytes (C m s of 40 -100 pF) from the same dish had Na/K pump current densities of 0.7 Ϯ 2 pA/pF and peak Na/Ca exchange current densities of 1.8 Ϯ 0.5 pA/pF in this dish (n ϭ 5). Figure 2C shows the current densities of 79 iCell Cardiomyocytes from 10 different dishes, cultured for 2 to 4 wk, which served as control measurements in comparative studies. The current densities are plotted in dependence on C m , with C m bins defined in Fig. 2 . NCX1 current density falls off below 150 pF, and Na/K pump currents fall off less steeply. Both current densities are also significantly reduced in the myocytes with the largest C m values. Thus we avoided the largest and smallest cells in routine measurements. When C m values nevertheless fell out of the norm, the measurements were eliminated from data sets. Accordingly, results for the six largest and eight smallest cells in Fig. 2C were discarded.
RESULTS
As a contrast to iCell Cardiomyocytes, Fig. 2D shows recordings of Na/K pump currents and Na/Ca exchange currents in neonatal rat cardiomyocytes using identical experimental conditions. Pump current densities were invariably Ͻ0.5 pA/pF, and we often could not resolve pump currents with confidence in relation to background and leak currents. The example in Fig. 2D is from a culture that displayed relatively large currents (0.21 Ϯ 0.06 pA/pF; n ϭ 6) with average C m values of 45 Ϯ 4 pF (n ϭ 15). Na/Ca exchange currents never exceeded 1 pA/pF and were usually Ͻ0.5 pA/pF. Thus transporter currents in the smaller iCell Myocytes are still more adult-like than transporter currents in neonatal cardiomyocytes. Figure 3 demonstrates the presence of proton transporters in iCells that are consistent with transporters known to exist in adult cardiac myocytes. For these recordings, we employed oscillating micro pH electrodes to detect pH gradients next to cells in the presence of a low extracellular pH buffer concentration (8, 9) . As shown in Fig. 3A , Na/H exchange was detected using a cytoplasmic solution set to pH 6.8 with 40 mM HEPES and no Na, together with an extracellular solution set to pH 8.2 (0.1 mM Tris) with 140 mM Na. Upon moving the cell close to the pH electrode, an acidifying pH gradient of 0.03 pH units is detected, and the gradient under these conditions is completely abolished when the extracellular solution is switched to one with 10 M of the Na/H exchange inhibitor EIPA (21) . Under other conditions, however, substantial proton fluxes occur in iCell Cardiomyocytes by mechanisms that we did not detect in the different cell types previously employed with this method (9) . Figure 3B shows that, similar to adult cardiac myocytes (29) , iCell Cardiomyocytes can generate substantial proton fluxes via Cl/OH exchange. To monitor this flux in isolation, Na-free solutions were employed using K as the major cation. The cytoplasmic solution contains 1 mM Cl with sulfamate as the Cl substitute at pH 7.6, and the extracellular solution contains 140 mM KCl at pH 6.5 [0.1 mM 2-(N-morpholino)ethanesulfonic acid]. In this condition, the proton (or hydroxyl) flux magnitude, recorded as an alkalinizing pH gradient, is similar to the maximal Na/H exchange flux, and the flux is fully blocked by substituting extracellular Cl for sulfamate.
Figures 4 -6 demonstrate that iCell Cardiomyocytes are readily amenable to standard molecular biological approaches to manipulate selected proteins. In Fig. 4 , we demonstrate knockdown of the NCX1 Na/Ca exchanger by siRNA transfection. In the Western blot, shown in Fig. 4A , the lanes were arranged to determine NCX1 and actin densities in duplicate for 3-day mock transfections, 3-day scrambled RNAi transfections, 3-day NCX1 RNAi transfections, 5-day mock transfections, 5-day scrambled RNAi transfections, 5-day NCX1 RNAi transfections, and an NCX1 control for BHK cells that highly overexpress NCX1 (23) . The duplicate measurements demonstrate Ͼ75% loss of NCX1 protein in 3 days and almost complete loss within 5 days with no change of actin as a control protein. Figure 4B demonstrates the specific loss of NCX1 currents in iCell Cardiomyocyte recordings in relation to Na/K pump currents, and Fig. 4C quantifies the functional loss of exchange current over 3 days. Figure 4D shows the time courses of loss of NCX1 protein and current. The best exponential fits give a time constant of 50 h for loss of protein and a time constant of 45 h for loss of exchange currents. Clearly, the average lifetime of exchangers must be Ͼ1 day and Ͻ3 days, and the results give no evidence for discrepancies between the total protein pool and the "functional" surface membrane pool of NCX1.
In Fig. 5 , we analyze NCX1 turnover by overexpressing an exchanger fusion that can be covalently tagged on an extracellular Halo domain (19) , the domain being fused to the exchanger close to the glycosylation site of the first extracellular segment of the exchanger. Exchangers were labeled with impermeable HaloTag AlexaFluor 488 Ligand (G1002, Promega) at time zero, the extracellular solution was exchanged for solution without tag, and the occurrence of green punctae within cells was quantified at the given time points subsequent to labeling. Representative micrographs of this progression are shown in Fig. 5A over 12 h after labeling cells. Figure 5B quantifies the development of internal punctae. The increase is clearly far from saturation at 12 h, and the best fit to an asymptotic exponential function gives a time constant for NCX1 internalization of 42 h. This time constant is consistent with that for loss of NCX1 protein and current, as described in Fig. 4 . Although fluorescence of the Halo-tagged exchangers subsequently decreased, this decrease may arise from any of multiple chemical possibilities unrelated to exchanger degradation (e.g., fluorophore degradation). Therefore, fluorescence changes were not analyzed in detail over longer time periods. Figure 6 demonstrates knockdown and overexpression of the sarcolemmal regulatory protein PLM (2) . The Western blot shown in Fig. 6A documents first that mock transfections result in no change of PLM or actin expression over 5 days. In this blot, there is an apparent loss of protein in lane 10 vs. 4 and lane 5 vs. 11, probably related to inefficient protein transfer. Nevertheless, it is clear that after siRNA of PLM for 3 days loss of PLM amounts to only ϳ60%, while protein decreases to negligible levels after siRNA transfection within the 5-day period. As shown in Fig. 6B , the best fit of PLM densities from Western blots gives a time constant of 67 h for the loss of PLM after siRNA transfection. Figure 6C demonstrates overexpression of a PLM fusion with the pH-sensitive green protein pHluorin similar to constructs developed with NCX1 (20) . In this case the pHluorin was fused to the extracellular NH 2 -terminal of PLM. As shown in Fig. 6C , left, the expression of the PLM-pHluorin fusion appears very inhomogeneous, being distinctly concentrated in areas that possibly correspond to membrane attachment zones of the iCells to the coverslip. the surface membrane, and the result gives no evidence for internal PLM pools in this condition. The original goal of our experiments manipulating PLM was to demonstrate and characterize the role of PLM in regulating Na/K pump activity via the cAMP system. However, this has not been possible because we could not demonstrate a stimulatory effect of activating cAMP synthesis on pump activity. In brief, we planned our experiments carefully to be consistent with previous work using Na-sensitive dyes (5) . In those experiments, cardiomyocytes were loaded with Na by removing extracellular K and thereby blocking Na/K pumps. Upon activating pumps by application of extracellular K, intracellular Na decreases more rapidly in a mid-range of Na concentrations when cAMP levels are elevated than when they are not. On this basis, activation of the cAMP system should result in an increased pump affinity for cytoplasmic Na and cause a doubling of pump activity in the mid-range of the Na activation curve. As shown in Fig. 7A , we employed a cytoplasmic Na concentration (9 mM), which is submaximal for activation of Na/K pump currents. Pump currents were activated by brief application of 5 mM K to avoid depletion of cytoplasmic Na, and we promoted adenylate cyclase activity by applying either No change of pump current magnitudes was observed with either adenylate cyclase activating agent. As shown in Fig. 7B , we then considered a possibility that pumps might be "preactivated" by a constitutively active cAMP system in iCell Cardiomyocytes. This possibility was consistent with the fact that pump currents often exhibited rundown during experiments. If this rundown reflected dephosphorylation of PLM, activation of cAMP synthesis would be expected to reactivate pump currents. Figure 7B shows an example in which we monitored rundown of both pump currents and exchange current. Pump current ran down by Ͼ75% over a few minutes and was not restored by application of the ␤-adrenergic receptor agonist isoproterenol. Outward NCX1 currents decreased, as usual, during multiple activation episodes, and this decrease was also unaffected by isoproterenol.
Finally, we used C m recording to characterize easily interrogated properties of sarcolemma turnover in iCell Cardiomyocytes. We describe in Fig. 8 C m changes of iCell Cardiomyocytes in response to Ca transients induced by activation of outward Na/Ca exchange current (i.e., in response to Ca influx) and in response to sphingomyelin cleavage by sphingomyelinase C. As shown in Fig. 8A , activation of outward exchange current in the presence of a low cytoplasmic concentration of EGTA (0.5 mM) results in a large increase of the iCell Cardiomyocyte C m , roughly a 30% increase in this case over 10 -15 s. The average increase for 21 measurements was 14 Ϯ 2.2%. This pattern is typical in our experience for fibroblasts (41) , and, further in this regard, we have never observed Ca-activated exocytosis of significant magnitude in isolated cardiomyocytes, including adult and neonatal cardiomyocytes from several species (20) . Over time, the enhanced C m decayed very little in most iCell Cardiomyocyte recordings. The exchange current activated by a second application of extracellular Ca was invariably decreased in magnitude, and any additional increase of C m was relatively small. As shown in Fig. 8B , we sometimes observed that, subsequent to the exocytic phase, C m decreased over 1-2 min substantially. This pattern, typical for fibroblasts (20) , was observed rather frequently when iCell Myocytes had been cultured for Ͼ3 wk and never when cells were cultured for Ͻ2 wk. In this experiment, we also followed the magnitude of Na/K pump currents to test whether the pump is affected in a selective way by the endocytic response. The pump current decreased roughly in proportion to the loss of C m. Similar to the exocytic responses just described, we have never observed this pattern in adult cardiomyocytes; rather, endocytosis typically occurs immediately during large Ca transients in adult cardiomyocytes and ceases rather abruptly when Ca influx is terminated (20) . Finally, Fig. 8C illustrates that iCell Cardiomyocytes respond to sphyingomyelin cleavage during extracellular application of purified sphingomyelinase C (20) by massive endocytosis that constitutes Ͼ50% of the cell surface. Similar responses are observed in adult cardiomyocytes, as well as fibroblasts (20) . Thus this result simply documents that the iCell sarcolemma has basic physical properties that are similar to other cell types.
DISCUSSION
We have described in this article measurements of four ion transport activities and Ca-dependent C m changes in humaninduced pluripotent stem cell-derived cardiomyocytes, thereby allowing comparisons of these cells to adult cardiac myocytes, as well as to other cells such as fibroblasts, that can be studied with the same methods. In addition, we have described basic molecular biological manipulations of iCell Cardiomyocytes to access their potential utility to study cellular regulation and turnover of ion transporters. Together, the results document that iCell Cardiomyocytes are an advantageous and promising new cardiac myocyte culture system for a wide range of ion transport studies. The results also allow us to access potential limitations of these cells for some goals. We discuss here both the overriding advantages and certain limitations of iCell Cardiomyocytes in detail. iCell cardiomyocytes allow both acute and chronic studies of human cardiac transporters. As illustrated in Fig. 1 , the cell selection method, based on the cardiac MYC6 promoter, clearly is successful in generating a cardiomyocyte cell culture with consistent 2-m myofilament structures and, as described previously (25) , with syncytial coupling of cardiomyocytes upon expansion to confluence. As described in Fig. 2 , the larger iCell Cardiomyocytes have visible features more similar to mature cardiac myocytes and consistently display Na/K pump and Na/Ca exchange current magnitudes that are equivalent to those of adult guinea pig (10, 14) or rabbit cardiomyocytes (1, 4, 37) . This outcome contrasts with cultured neonatal cardiomyocytes, which, as described in Fig. 2C , have much lower Na transport activities in spite of the fact that they beat at rates (40 -100/ min; e.g., Ref. 24) that are comparable to those of iCell Cardiomyocytes (25) . Presumably for this reason, our literature searches do not reveal any published study of Na/K pump currents in neonatal cardiac myocytes. While the implications of low ion transport capacities for neonatal cardiomyocytes are enigmatic at present, the more adult-like transport function of iCell Cardiomyocytes clearly marks them as a more advantageous cell culture system for future studies. As shown in Fig.  3 , iCell Cardiomyocytes display high activities of two pH regulating systems that are characteristic of adult cardiomyocytes, Na/H exchange activity, and Cl/OH exchange (29) . As illustrated in Figs. 4 -6 , the iCell Cardiomyocyte culture system is readily amenable to the application of standard molecular biological techniques to knockdown and overexpress individual proteins that mediate and/or regulate cardiac ion transport. Specifically, we have demonstrated nearly complete knockdown of NCX1 and PLM by siRNA, and we have demonstrated overexpression of two fluoroescent fusion proteins. These results together clearly open the way to a wide range of acute and long-term studies of human cardiac ion transport not readily possible in cardiomyocyte culture systems to date.
Membrane protein turnover rates and pathways in iCell cardiomyocytes. In Figs. 4 -6 , we have presented experiments documenting that iCell Cardiomyocytes can be used to characterize the turnover of ion transporters and ion transport regulatory proteins. Figure 4 documents that siRNA transfection to knockdown the cardiac Na/Ca exchanger NCX1 results in nearly complete loss of NCX1 protein in 3-5 days, and that NCX1 function declines selectively with a similar time course. Importantly, Na/Ca exchange currents do not decline more A B Fig. 7 . Representative experiments intended to define a stimulatory effect of cAMP generation on Na/K pump currents in iCell Cardiomyocytes. A: with the use of a submaximal cytoplasmic Na concentration of 9 mM, pump currents were activated multiple times by applying 5 mM K in exchange for 5 mM Na in the extracellular solution. To avoid depletion of cytoplasmic Na, currents were deactivated by removing extracellular K after 3 s. Application of 20 M forskolin to activate adenylate cyclases failed to cause any enhancement of pump currents. B: with the use of a maximal cytoplasmic Na concentration of 40 mM, pump currents often underwent a time-dependent rundown over the course of several minutes. We tested therefore whether activation of adenylate cyclase activity by ␤-adrenergic stimulation might restore pump currents. No restoration was observed, indicating that pump rundown is not caused by dephosphorylation of cAMP kinase-sensitive sites. Fig. 8 . Cm recordings of surface membrane turnover in iCell Cardiomyocytes. A: typical exocytic responses observed during activation of maximal outward Na/Ca exchange currents with 2 mM extracellular Ca. Cytoplasmic solution contains 40 mM Na and 0.5 mM EGTA with 0.25 mM Ca to give 0.5 M free Ca. Extracellular solution is Na free. Upon the initial activation of Ca influx, Cm increases by 30% over 10 s. Decline of Cm after deactivating exchange current is minimal, and a second activation of exchange current results in only a small further increase of Cm. B: typical endocytic response observed in iCell Cardiomyocytes that had been cultured for Ͼ3 wk. Activation of Ca influx via Na/Ca exchange results in only a small exocytic response followed by a slow loss of ϳ30% of Cm over several minutes after the exchange current is deactivated. C: activation of a massive (Ͼ50%) endocytic response by brief (20 s) application of sphingomyelinase C (1 U/ml) purified from Bacillus cereus. rapidly than NCX1 protein; NCX1 current is still 65% of normal after 24 h. This result contrasts strongly to a study using antisense nucleotides to knockdown NCX1 in neonatal cardiac myocytes (6) , whereby NCX1 function was lost much more rapidly than NCX1 protein. To test further whether plasmalemmal NCX1 might turn over faster than total NCX1 protein in iCell Cardiomyocytes, we overexpressed an NCX1-Halo fusion that can be labeled from the extracellular side to follow loss of NCX1 from the cell surface. This approach, described in Fig. 5 , also gave no evidence that NCX1 transporters localized to the cell surface turn over faster than the total NCX1 protein pool. In contrast, the appearance of punctae in the cytoplasm, indicative of internalized NCX1 protein, occurred almost linearly over a 12-h period, and the extrapolated time constant of turnover is in the same 40-to 50-h range that we obtain for loss of total NCX1 protein and NCX1 function. That the relatively slow turnover of NCX1 in iCell Cardiomyocytes is not atypical is verified in Fig. 6 by analysis of PLM knockdown with siRNA. The loss of PLM is definitively only partial after 3 days, and it becomes nearly complete within 5 days. Thus the turnover of PLM in iCell Cardiomyocytes appears to be even longer than that of NCX1, the minimum time constant being Ͼ60 h.
A B C
Finally, we demonstrated in Fig. 6C the use of an extracellular pHluorin fusion with PLM to determine localization of an overexpressed membrane protein in iCell Cardiomyocytes. Fluorescence micrographs of the fusion protein reveal a complex pattern that alone would not allow conclusions about the cellular localization of overexpressed protein. However, the immediate loss of fluorescence upon acidifying the extracellular space to pH 6.2 demonstrates that the entire visible pHluorin-PLM fusion pool is indeed localized to the sarcolemma. The reasons why PLM expression in the cell surface is inhomogeneous are not clear at this time. Prominent PLM domains might reflect, for example, places of cardiomyocyte attachment to the coverslips, presumably dependent on integrins and cytoskeleton, or the domains might reflect other types of lateral membrane inhomogeneities, for example, the presence or more ordered versus less ordered macroscopic membrane domains. Clearly, iCell Cardiomyocytes provide a powerful new model to address questions about sarcolemmal protein localization and transporter interactions with protein networks in relation to membrane domains.
The PLM conundrum. It is well established that PLM is a regulatory subunit of the cardiac Na/K pump, and it is widely appreciated that PLM inhibition of Na/K pumps is relieved by phosphorylation via cAMP-dependent protein kinases (PKAs) and protein kinase Cs (PKCs) (5) . Nevertheless, the stimulation of Na/K pump activity by protein kinase activation is not always evident, especially not in patch-clamp experiments. As noted in RESULTS, relatively large effects of cAMP kinase activation, apparent in experiments using Na dyes to analyze pump activity (5) , are consistent with cAMP kinase-dependent PLM phosphorylation increasing the apparent affinity of Na/K pumps for cytoplasmic Na. Nevertheless, using patch clamp to determine pump activity as a membrane current, multiple groups have found no evident effect of PKAs under conditions that seem directly relevant to the results with Na dyes (15, 26) . It was our hope that iCell Cardiomyocytes would allow us to clearly define conditions in which activation of PKAs causes substantial stimulation of pump activity. However, we tested a range of experimental conditions using both forskolin and isoproterenol to activate adenylate cyclase and, as illustrated in Fig. 7 , were unsuccessful. In addition, we eliminated a possibility that pump rundown reflects loss of PKA-dependent pump stimulation. Isoproterenol did not reactivate Na/K pump activities subsequent to pump rundown. In short, we have not resolved the long-standing conundrum that some groups observe PKA-dependent activation of cardiac Na/K pump activity, while others do not.
iCell cardiomyocyte advantages in relation to limitations for transport studies. As documented above, the list of experimental opportunities afforded by iCell Cardiomyocytes to study cardiac ion transport is substantial: iCell Cardiomyocytes have human adult-like expression of major cardiac ion transporters, they allow long-term molecular manipulation of individual proteins and regulatory factors, and they allow analysis of transporter and regulatory protein turnover. In apposition to these benchmarks, we have tentatively encountered two limitations. First, iCell Cardiomyocytes clearly exist in a range of phenotypic states. For example, electrophysiological characterization of iCell Cardiomyocytes and other stem cell derived cardiomyocytes has shown the presence of atrial-, nodal, and ventricular-like cardiomyocytes (25, 30) . Immunocytochemical characterization has also shown differential expression of cardiac markers myosin light chain (MLC)2v and MLC2a and that the expression pattern of these markers can change over time in culture (16) . In our experience, clear differences in cellular morphology and membrane surface area of trypsinized iCell Cardiomyocytes correspond well to differences in transporter expression. Small cells with poorly developed myofilaments have lower NCX1 current densities and relatively low Na/K pump current densities. Current densities also are decreased in the fractions of iCell Cardiomyocytes with the largest C m s of Ͼ150 pF. The reasons for these dependencies on myocyte size are unknown at this time. Hypertrophy of cardiac myocytes can be demonstrated to cause a decrease of Na/K pump current density caused by local Na depletion during pump current measurements, rather than a genuine decrease of pump capacity (36) . It remains to be tested whether a similar mechanism affects Na/K pump current measurements in iCell Cardiomyocytes in dependence on cell size. For NCX1 currents, it remains also to be tested whether the decrease of current densities in larger cells might be the result of low Ca buffering (0.5 mM EGTA) employed in the present experiments. As with adult cardiomyocytes, it can be difficult to be sure that only one cell is voltage clamped. It is readily possible that recordings with large C m s reflect the activity of two or more cells coupled by gap junctions, thereby introducing diffusional complexities. The major implication for future experiments is that iCell Cardiomyocytes must be selected carefully to be comparable. This can best be accomplished objectively by performing comparative experiments in a blinded fashion.
Second, the C m responses of iCell Cardiomyocytes to Ca transients, as described in Fig. 8 , are similar to responses that we commonly observed in fibroblasts and HEK293 cells (20, 41) , rather than adult cardiomyocytes (20) . Many explanations of these results are possible at this time. One possibility is that the growth of cardiomyocytes on dishes, which promotes a flattened morphology, versus within a three-dimensional matrix in situ affects membrane trafficking and recycling mechanisms. Alternatively, acutely isolated adult cardiac myocytes may have significantly altered membrane cycling properties as a result of isolation procedures, and their function in these types of experiments may not be representative of cardiomyocytes in situ. A third possibility, which cannot be eliminated at this time, is that iCell Cardiomyocytes might retain some fibroblast-like properties that affect how membrane is trafficked and recycles.
In summary, the potential limitations of iCell Cardiomyocytes for studies of cardiac ion transporters and their regulation are significant. However, these limitations also raise new possibilities to address important open questions about the long-term regulation of cardiac ion transporters and the function of the cardiac secretory pathway, potentially in relation to cardiomyocyte differentiation. Beyond reasonable doubt, iCell Cardiomyocytes allow a wide range of new cellular and molecular experimentation, not previously possible, to address the molecular function and regulation of cardiac ion transporters.
